EnvZ, a histidine kinase/phosphatase in Escherichia coli, responds to the osmolarity changes in the medium by regulating the phosphorylation state of the transcription factor OmpR, which controls the expression levels of outer membrane porin proteins OmpF and OmpC. Although both ompR and envZ genes are located on the ompB locus under the control of the ompB promoter and transcribed as a single polycistronic mRNA, the expression of envZ is known to be significantly less than ompR. However, to date no accurate estimation for the amounts of EnvZ and OmpR in the cell has been carried out. Here we examined the levels of EnvZ and OmpR in the wild-type strain MC4100 by quantitative Western blot analysis using anti-OmpR and anti-EnvZc (cytoplasmic domain of EnvZ) antisera. It was observed that during exponential growth in L-broth medium there were ϳ3500 and 100 molecules per cell of OmpR and EnvZ, respectively. The levels of OmpR and EnvZ in MC4100 cells grown in a high osmolarity medium (nutrient broth with 20% sucrose) were about the same as those grown in L-broth, whereas they were 1.7-fold higher than those in a low osmolarity medium (nutrient broth). With His 10 -OmpR, we also determined that the K d value for the EnvZc-OmpR complex formation is 1.20 ؎ 0.17 M. On the basis of these results, the molecular mechanism of osmoregulation of ompF and ompC is discussed.
Bacteria primarily rely on the His-Asp phosphorelay signal transduction system (HAP system), 1 or the two-component signal transduction system, to acclimate in response to the changes of environmental conditions (1, 2) . The HAP system basically consists of a histidine kinase, which serves as a signal receptor, and its cognate response regulator, which regulates specific gene expression or mediates cellular locomotion (3) .
One of most extensively studied HAP systems is the EnvZ/ OmpR system mediating signal transduction in response to environmental osmolarity changes in Escherichia coli (4 -6) . EnvZ, a histidine kinase, undergoes trans-autophosphorylation on the highly conserved His-243 residue (7, 8) . The high energy phosphoryl group is subsequently transferred to the conserved Asp-55 residue of OmpR, a response regulator. Phosphorylated OmpR (OmpR-P) serves as a transcription factor differentially modulating the expression of the major outer membrane porin genes, ompC and ompF. OmpC and OmpF form channels in the outer membrane, which allow passive diffusion of small hydrophilic molecules of less than 650 Da in size (9) . EnvZ also possesses the OmpR-P phosphatase activity to dephosphorylate OmpR-P. It has been proposed that osmotic signal regulates the ratio of the kinase to the phosphatase activity of EnvZ to modulate the level of cellular OmpR-P by primarily altering the phosphatase activity (10) . The cellular OmpR-P levels reciprocally regulate the transcription of ompF and ompC. At low medium osmolarity a reduced level of OmpR-P, due to the decreased kinase/phosphatase ratio of EnvZ, favors the transcription of ompF. At high medium osmolarity an elevated OmpR-P level, resulting from the increased kinase/phosphatase ratio of EnvZ, allows the activation of ompC transcription. On the other hand, more OmpR-P molecules bind to the ompF promoter upstream region causing repression of ompF expression.
EnvZ, consisting of 450 amino acid residues, exists as a dimer located in the inner cytoplasmic membrane of E. coli. The cytoplasmic domain of EnvZ (residues 180 -450), EnvZc, also exists as a dimer and consists of the linker region (residues 180 -222), domain A (or DHp domain, residues 223-289) and domain B (or CA domain, residues 290 -450). It possesses both kinase and phosphatase activities similar to the intact EnvZ (11, 12) . The linker region is considered to play an important role in transducing the signal from the periplasmic receptor domain to the cytoplasmic catalytic domain (13) . The NMR solution structures of both domain A and domain B have been solved (14, 15) . Recently it has been demonstrated that domain A by itself can serve as the OmpR-P phosphatase, and it has been proposed that the phosphatase activity of EnvZ is modulated by the spatial arrangement between domain A and domain B (16) .
The response regulator OmpR consists of an N-terminal CheY-like receiver domain containing the highly conserved Asp-55 phosphorylation site and a C-terminal DNA-binding domain (17) . The two domains are connected by a flexible linker (18) . The x-ray structure of the DNA binding domain shows a winged helix-turn-helix motif structure (19, 20) . The phosphorylation of OmpR at Asp-55 greatly enhances its binding affinity for the regulatory sequences upstream of the ompF and ompC promoters (21) (22) (23) (24) . The in vitro and in vivo footprinting studies have demonstrated that OmpR-P binds to the Ϫ100 to Ϫ38 region (C1, C2, and C3 sites) of ompC and the Ϫ380 to the Ϫ361 region (F4 site) and the Ϫ100 to Ϫ39 region (F1, F2, and F3 sites) of ompF (24 -27) . These OmpR binding sites consist of 20 base pairs each sharing a consensus sequence (28) . It has been shown that two OmpR-P molecules bind to each site in a head-to-tail manner (28, 29) . The binding affinities of OmpR-P to these sites are in a hierarchical order such that OmpR-P independently binds to F1 and C1 sites whereas OmpR-P cooperatively binds to other sites only after the upstream F1 and C1 sites are occupied by OmpR-P (21, 27) .
The ompB operon of E. coli is comprised of two genes, ompR and envZ, which are co-transcribed as a polycistronic mRNA from a promoter located 5Ј to the ompR gene (30) . It has been shown that significantly fewer EnvZ molecules are produced compared with OmpR molecules in a cell, and it has been estimated that there are about 1000 molecules of OmpR whereas there are only 10 molecules of EnvZ per cell (5) . In this report, we reexamined the cellular OmpR and EnvZ levels under different growth conditions by quantitative Western blot analysis. We also determined the dissociation constant of OmpR and EnvZ by using His 10 -OmpR and Ni-NTA-agarose. These findings provide new insights into the mechanism by which the EnvZ/OmpR system regulates the osmosensory pathway in E. coli. Preparation of Whole Cell Lysates-The wild-type E. coli MC4100 and a control strain AR137, which is unable to produce OmpR and EnvZ, were grown at 37°C to mid-log phase in L-broth or nutrient broth (NB) medium with or without 20% sucrose. Three separate cultures for each strain were grown. The cells were concentrated 30-fold by centrifugation and were then resuspended in buffer A (50 mM Tris-HCl (pH 8.0), 50 mM KCl, 5 mM ␤-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride). The cell concentrations were determined using a PetroffHausser counter. All sixteen squares were counted. Each culture was counted three times, and the results were averaged. The cells were lysed twice with a French Press, and the cell lysates were kept at Ϫ80°C.
EXPERIMENTAL PROCEDURES
Membrane Fraction Preparation-The membrane fraction from each culture was prepared as previously described (10) .
Protein Preparation-EnvZc, OmpR, and His 10 -OmpR were prepared as described previously (33, 34) . The final preparations of OmpR and EnvZ were in buffer A with 10% glycerol and kept at Ϫ80°C. The protein concentrations were determined by measuring the UV absorbance at 280 nm using an extinction coefficient of 24870 M Ϫ1 cm Ϫ1 for EnvZc and 13490 M Ϫ1 cm Ϫ1 for OmpR and His 10 -OmpR, respectively. Western Blot Analysis-The cell lysates (for OmpR) or the membrane fractions (for EnvZ) were mixed with one-fifth volume of the 6-fold sample loading buffer (300 mM Tris-HCl (pH 6.8), 6% SDS, 30% glycerol, 0.6% bromphenol blue, 1.2 M ␤-mercaptoethanol), and the mixtures were boiled for 5 min before being subjected to SDS-PAGE. 17.5 and 12.5% SDS-polyacrylamide gels were used in electrophoresis for OmpR and EnvZ analysis, respectively. Proteins were then electrotransferred onto immobilon-P (Millipore, MA) following the manufacturer's protocol and were detected with immunoblotting using the antiserum against OmpR or EnvZc and the second antibody, horseradish peroxidase-conjugated anti-rabbit Ig F(ab) 2 fragment. The protein bands were visualized by the Western blot chemiluminescence reagent plus kit (PerkinElmer Life Sciences, Inc.). The densities of protein bands were determined by a densitometer. The amounts of individual protein bands were calculated from the standard curves derived from a set of purified OmpR or EnvZc protein standards run on the same blot.
Binding Assay-The determination of the K d value for the His 10 -OmpR and EnvZc complex formation was carried out as follows: 1.5 M His 10 -OmpR was mixed with various amounts of EnvZc (0.25, 0.5, 1, 2, 4, 8, 16, and 32 M) in 130 l of buffer B (20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 20 mM imidazole, 5 mM ␤-mercaptoethanol, and 5% glycerol) in the presence or absence of 1 mM ADP plus 5 mM Mg 2ϩ or 1 mM ADPNP plus 5 mM Mg 2ϩ and incubated at 25°C for 30 min. After incubation, 15 l of Ni-NTA-agarose (50% slurry in buffer B, Qiagen) was added to each reaction mixture. The mixture was incubated at 4°C with constant shaking for 40 min and then transferred to an Ultrafree-MC centrifugal filter device (UFC30HV00, Millipore) and centrifuged at 6000 rpm for 10 s. The resulting Ni-NTA-agarose was washed three times with buffer B at 4°C by quick spinning at 6000 rpm for 10 s. 10 l of elution buffer (20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 5 mM ␤-mercaptoethanol, 250 mM imidazole, and 5% glycerol) was added to the resin in the filter tube and mixed well. The mixture was incubated at room temperature for 10 min and then centrifuged at 6000 rpm for 1 min. The elution step was repeated once, and the eluates were combined. The eluates were then subjected to SDS-PAGE. After staining with Coomassie Brilliant Blue, the amount of protein was estimated with a densitometer. The ratio of densities of EnvZc to His 10 -OmpR represents the percentage of His 10 -OmpR bound to EnvZc. The concentration of His 10 -OmpR/EnvZc complex was derived from the ratio of densities of EnvZc to His 10 -OmpR multiplied by total His 10 -OmpR concentration (1.5 M). The concentrations of His 10 -OmpR/EnvZc complex were plotted against the total concentrations of EnvZc. The value of the dissociation constant (K d ) was obtained by non-linear least square curve fitting using the Sigmaplot program (SSPS Inc.). The equation used was as follows,
where ER is the concentration of the His 10 -OmpR/EnvZc complex; Et, total EnvZc concentration; and Rt, total OmpR concentration.
RESULTS
Determination of Cellular Levels of OmpR-Previously it has been reported that the OmpR concentration in MC4100 is about 1 g/mg of the soluble extract of cells grown in NB medium and about 2.3 g/mg of the soluble extract of cells grown in NB ϩ 20% sucrose (22) . In the present report we used whole cell lysates rather than the soluble extract to achieve a more accurate estimation of the cellular OmpR concentration. The level of OmpR in the wild-type strain MC4100 grown in L-broth medium in mid-log phase was determined by quantitative Western blot analysis. An example of Western blot analysis is shown in Fig. 1A . Densitometric analysis of the OmpR standards was plotted in Fig. 1B . The amount of OmpR was calculated from the standard curve. The cellular OmpR in the lysates migrated at the same position as that of purified OmpR in SDS-PAGE while no band was detected at this position in the control (ompB Ϫ ) strain AR137 (Fig. 1A, lane 2) . Two other protein bands cross-reacted with OmpR antiserum in MC4100 cells (Fig. 1A, lane 1) . As these bands were also observed in the negative control AR137 (Fig. 1A, lane 2) , they were not related to OmpR. The results from this analysis show that the MC4100 strain contains ϳ3500 molecules of OmpR per cell (Table I) . We also examined the effect of osmolarity changes on the expression of ompR using NB medium in the presence or the absence of 20% sucrose. As shown in Table II and Table III, 3525 and 2043 molecules of OmpR per cell were found when cells were grown in the high osmolarity medium (NB ϩ 20% sucrose) and the low osmolarity medium (NB), respectively.
The present results further confirmed that the cellular OmpR level of the cells grown under high osmolarity was significantly higher (ϳ1.7-fold) than that of the cells grown in low osmolarity. It should be noted that the amount of OmpR in MC4100 grown in L-broth medium and NB ϩ 20% sucrose were about the same, that is ϳ3500 molecules per cell.
Determination of the Cellular Levels of EnvZ-Although the envZ gene is in the same operon as the ompR gene, their expression levels are known to be significantly different. Previously the cellular level of EnvZ was estimated to be 10 molecules per cell (5). We used the membrane fraction rather than the whole cell lysate for Western blot analysis to determine the cellular EnvZ levels. An example of Western blot analysis is shown in Fig. 2A . Densitometric analysis of EnvZc standards was plotted as shown in Fig. 2B , and the amount of EnvZ was calculated from the standard curve. Similar to the results of the Western blot analysis shown in Tables IV, V, and VI, the wild-type strain MC4100 grown in L-broth medium in mid-log phase was estimated to contain about 102 EnvZ monomers per cell (or 51 dimers per cell), whereas 63 and 113 EnvZ monomers The density of each band was plotted against the amount of EnvZc (ng) loaded. The arrow indicates the point on the standard curve corresponding to the density of EnvZ band in lane 1 in A, and the amount of EnvZ is estimated to be 14.5 ng.
per cell (or 32 and 57 dimers per cell) are present when cells were grown in NB (low osmolarity) or in NB ϩ 20% sucrose (high osmolarity), respectively. Note that as the antiserum used was raised against EnvZc (residues 180 -450), the fulllength EnvZ should be detected with the same sensitivity as EnvZc. The full-length EnvZ band could not be detected in the EnvZ-negative control strain AR137 (Fig. 1B, lane 2) while it existed in a positive control strain (BL21/pET11-envZ) in which EnvZ is overexpressed (data not shown). Although there are some weak cross-reactive bands shown in lane 1, they are also present in the negative control AR137 lane. The cellular levels of EnvZ, when cells were grown in L-broth and NB ϩ20% 
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sucrose media, were found to be more than ten times higher than the amount previously estimated (5) . 10 -OmpR-His 10 -OmpR, purified as described previously, serves as a substrate for both kinase and phosphatase activities of EnvZ, similar to the wild-type OmpR protein (33) . After His 10 -OmpR and EnvZc were mixed in the binding assay, both the EnvZ/His 10 -OmpR complex and free His 10 -OmpR were isolated from the mixture with Ni-NTA-agarose. The proteins bound to Ni-NTA-agarose were eluted and analyzed by SDS-PAGE. The gels were stained with Coomassie Brilliant Blue, and the densities of the EnvZ and His 10 -OmpR bands were measured with a densitometer. The densities of EnvZ bands were normalized; the relative density of EnvZc was 91% that of His 10 -OmpR when equimolar amounts of EnvZc and His 10 -OmpR were subjected to SDS-PAGE and stained with Coomassie Brilliant Blue. Also note that the densities of EnvZc and OmpR stained with Coomassie Brilliant Blue are linear in a range from 150 to 4800 ng (data not shown). The densities of the EnvZc and OmpR bands in the SDS-PAGE gel for the binding assay were within this range. Because OmpR molecules bind to EnvZc monomers stoichiometrically in a 1:1 ratio (2 OmpR molecules/1 EnvZc dimer), 2 the percentage of the His 10 -OmpR bound to EnvZc can be estimated from the ratio of densities of EnvZc to His 10 -OmpR in the Coomassie Brilliant Blue-stained SDS-PAGE gel. Panel A in Fig. 3 shows one of such SDS-PAGE analyses of the formation of the His 10 -OmpR/ EnvZc complex bound to Ni-NTA-agarose using a binding assay with binding buffer that lacks nucleotides and Mg 2ϩ . Panel B shows the SDS-PAGE analysis of the binding reaction mixture used in panel A before the addition of Ni-NTA resin. Note that when His 10 -OmpR was not added in the reaction, no EnvZc was trapped by Ni-NTA (Fig. 3A, lane 9) . The concentrations of the His 10 -OmpR/EnvZc complex were plotted against total EnvZc concentrations as described under "Experimental Procedures." The binding curves shown in Fig. 4, A-C 
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DISCUSSION
In the present study, OmpR and EnvZ levels in E. coli cells grown in L-broth at mid-log phase were determined to be 3500 and 100 molecules per cell, respectively. OmpR and EnvZ levels were almost the same from cells grown in L-broth medium or in a high osmolarity medium (NB ϩ 20% sucrose). However, when cells were grown in a low osmolarity medium (NB), both OmpR and EnvZ levels were about 60% of those in the high osmolarity medium. The mechanism for the differential expression of the ompB locus under different osmolarities remains to be elucidated. The autoregulation of the ompB locus has been reported, where the ompB expression is regulated by OmpR, the first product of the ompB operon (35) . It should be noted that under all the different growth conditions used, the ratio of OmpR to EnvZ was almost constant, and OmpR molecules existed in 30 -35-fold excess over EnvZ monomers or in 60 -70-fold excess compared with EnvZ dimers. It has been reported that translation of OmpR mRNA is ten times more efficient than that of EnvZ using lacZ as a reporter in Salmonella typhimurium (36) . Because both envZ and ompR genes are transcribed as a single polycistronic mRNA (30) , the expression of the two genes are differentially regulated at the level of translation initiation (36) .
The apparent K d value of EnvZc and His 10 -OmpR interaction was 1.20 Ϯ 0.17 M under the conditions used. Assuming the cell volume is 10 Ϫ15 liters (37), the cellular concentrations of OmpR and EnvZ were calculated to be 6 and 0.18 M, respectively. Therefore on the basis of the K d value thus obtained, ϳ85% of EnvZ molecules in a cell are estimated to be occupied with OmpR. It is important to note that as OmpR molecules exist in concentrations 60 -70-fold higher than EnvZ dimers, OmpR-P molecules formed on EnvZ dimers are always competed with free OmpR molecules in the cytoplasmic fraction. It has been demonstrated that OmpR-P has a much higher affinity for the ompF and ompC promoter regions than OmpR, so that once the OmpR-P molecules released into the cytoplasm are bound to the ompF and ompC promoter regions they are readily sequestered from the EnvZ phosphatase activity (38) .
Previous reports (27) have proposed that at low osmolarity, OmpR-P binds to the C1 site and cooperatively to F1, F2, and somewhat loosely to F3 sites resulting only in ompF expression, whereas at high osmolarity, the concentration of OmpR-P increases allowing C2, C3, and F4 sites (the repressor site for the ompF expression) to be also occupied by OmpR-P, resulting in the induction of ompC expression and repression of ompF ex-2 T. Yoshida and M. Inouye, unpublished data. (lanes 1-9) . Lane 9 is a control reaction in which no His 10 -OmpR was added. B, 10 l of the total reaction mixtures used in A before the addition of Ni-NTA-agarose were analyzed by SDS-PAGE and stained with Coomassie Brilliant Blue.
pression. In this fashion, the reciprocal expression of ompF and ompC is achieved depending upon the medium osmolarity. According to the footprinting experiment, F1, F2, and a significant fraction of the F3 site were protected when the OmpR-P concentrations were between 108 and 135 nM whereas all C1, C2, and C3 sites became protected only when the OmpR-P concentration reached 540 nM (27) , assuming that the OmpR added was fully phosphorylated. Assuming that these results may be applied in vivo, at low osmolarity the phosphorylation of only 3.5% (120 nM or 70 OmpR-P molecules/cell) of total OmpR molecules in a cell (2024 OmpR molecules per cell) would be enough to activate the expression of ompF, whereas at high osmolarity the phosphorylation of about 10% (580 nM or 350 OmpR-P molecules/cell) of total OmpR molecules in a cell (3500 molecules per cell) would be sufficient to promote the expression of ompC and to repress the expression of ompF. Clearly the 60 EnvZ monomers or 30 EnvZ dimers per cell at low osmolarity and 100 EnvZ monomers or 50 EnvZ dimers per cell at high osmolarity are sufficient to fulfill the effective regulation of ompF and ompC. On the basis of OmpR amounts it has been shown that the OmpR-P level at high osmolarity was about 4-fold higher than that at low osmolarity (39) . Considering that the cellular OmpR level is increased by more than 70% at high osmolarity than that at low osmolarity, the actual OmpR-P level could be increased more than 7-fold at high osmolarity in comparison with the level of OmpR-P at low osmolarity. In addition, the cell volume increases at low osmolarity whereas it decreases at high osmolarity resulting in even more dramatic changes in the OmpR-P concentration. This sharp change of the OmpR-P concentration appears to account well for the expression patterns of ompF and ompC at high and low osmolarity. However, the regulation of ompF and ompC in the cell may be more complex, as there are cross-talks among the His-Asp phosphorelay systems (40) , and other genes besides ompF and ompC are known to be regulated by OmpR-P (41) (42) (43) .
A similar quantitative Western blot analysis has been carried out with the proteins involved in chemotaxis signal transduction. The cellular contents of the total MCPs (methyl-accepting chemotaxis protein), CheA, CheY, and CheW were estimated to be 6000 molecules each per cell in E. coli (44, 45) . However it is important to know that CheA belongs to Class II histidine kinases, whereas EnvZ belongs to Class I, the major signal transducing kinases in E. coli as 29 of 30 histidine kinases in E. coli belong to Class I (46) . Class II kinases are involved in regulating flagella rotation whereas Class I kinases regulate transcription of specific genes (47) . The present report is the first to accurately estimate the cellular contents of a Class I kinase and its cognate response regulator, suggesting that the Class I kinase system is substantially different from the Class II kinase system in their regulatory mechanisms.
The interaction between EnvZ and OmpR-P is not discussed in the present study. A recent report concerning this issue raised a question about the role of EnvZ phosphatase activity in osmoregulation (48) . We have reexamined the OmpR-P interaction with EnvZc, and these results will be presented elsewhere. The characterization of the OmpR-P-EnvZ interaction provides important insights into the bi-functional roles of EnvZ in the osmoregulation of ompC and ompF.
